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1.  INTRODUCTION 

The  Department  of  Defense  (DoD)  has  embarked  upon  a 
major  new  initiative  in  very-large-scale  integrated  (VLSI) 
circuits.  The  general  goal  of  this  program  is  to  advance 
semiconductor  microcircuit  technology  for  military  applica¬ 
tions,  with  primary  emphasis  on  achieving  a  significant 
increase  both  in  functional  capacity  and  device  operating 
speed.  Since  throughput,  not  circuit  element  density  alone, 
is  the  objective,  this  activity  has  been  designated  the 
v e ry -h i gh - s pe ed  integrated  circuits,  or  VHSIC,  program. 

Although  the  evaluation  of  the  quality  of  commercial 
silicon  (Si)  and  improving  it,  if  necessary,  is  not  listed 
as  a  separate  program  area,  it  has  been  recognized  that  the 
desired  higher  levels  of  circuit  integration  and  circuit 
element  miniaturization  will  require  a  greater  sophistica¬ 
tion  in  defect  control.  It  is  possible  that  limitations 
in  yield  and  circuit  performance  due  to  native  and  process- 
induced  defects  may  prove  to  be  a  significant  factor  in  the 
attainment  of  proposed  near-  and  long-term  goals.  Reduc¬ 
tions  in  defect  and  impurity  levels  should  also  contribute 
to  radiation  hardness,  which  is  a  secondary  objective  of  the 
VHSIC  program. 

A  second  consideration  is  the  question  of  whether  the 
quality  of  commercial  Si  is  uniform  from  vendor  to  vendor 
and,  if  not,  what  unique  features  are  exhibited  by  wafers 
from  the  various  vendors  and  how  these  features  relate  to 
VHSIC  processing.  It  is  also  important  to  determine  if 
there  are  substantial  differences  in  the  characteristics  of 
dome s t i ca  1  1 y - p r od uc ed  Si  compared  to  wafers  from  major 
foreign  sources. 
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During  the  period  1978  to  1981,  there  have  been  consi¬ 
derable  problems  encountered  on  integrated  circuit  production 
lines  relating  to  relative  device  yield/wafer.  Many  of  these 
yield  problems  have  been  directly  traced  to  poor  material 
guality.  During  this  period,  the  problem  appears  to  have 
been  further  accentuated  by  the  excessive  market  demand  over 
supply,  resulting  in  the  utilization  of  material  that  would, 
under  other  circumstances,  have  been  rejected. 

This  report  addresses  the  guality  of  commercial  wafers 
from  selected  foreign  and  domestic  suppliers.  Since  the 
majority  of  wafers  obtained  were  drawn  directly  from  produc¬ 
tion  line  lots,  prior  to  device  fabrication,  the  results 
obtained  in  this  study  reflect  the  current  state  of  utiliza¬ 
tion  in  a  number  of  electronics  manufacturing  facilities. 
In  the  first  three  sections,  we  discuss  the  results  obtained 
regarding  oxygen  and  carbon  concentration  in  silicon  wafers 
used  on  production  lines  and,  in  the  latter  sections,  the 
use  of  laser  getterinq  and  stabilized  back-surface  gettering 
involving  the  enhanced  diffusion  of  oxygen  is  discussed. 
The  report  does  not  preclude  the  use  of  getterinq  or  control 
procedures  within  manufacturing  facilities,  nor  exclude  the 
availability  of  higher  quality  material  from  suppliers,  but 
simply  reports  the  results  of  wafer  sampling  from  a  large 
number  of  manufacturers,  where  wafers  were  drawn  directly 
from  processing  lines. 


2.  SUMMARY  OF  EXPERIMENTAL  PROCEDURES 


During  the  course  of  this  research  program,  ARACOR 
evaluated  approximately  1200  Si  wafers  obtained  from  16 
foreign  and  domestic  suppliers,  including  both  float-zone 
(FZ)  and  Czochralski  (CZ)  material  of  (111)  and  (100)  orien¬ 
tation  and  with  varying  resistivity  levels.  A  partial  list 
of  participants  in  this  study  is  given  in  Table  1;  organi¬ 
zations  supplying  Si  wafers  for  these  investigations  are 
listed  in  Table  2. 

Upon  receipt,  Si  wafers  from  manufacturers  or  suppliers 
were  first  carefully  examined  using  optical  and  infrared 
microscopy  to  identify  "cosmetic"  or  obvious  flaws  before 
additional  testing.  Wafers  containing  serious  scratches  or 
inclusions  were  either  excluded  from  testing  or  set  aside 
for  further  evaluation. 

After  suitable  cleaning,  portions  of  wafers  were  sub¬ 
jected  to  Dash  or  Sirtl  etches  to  produce  dislocation  etch 
pits  at  the  surface.  Optical  microscopy  was  then  used  to 
determine  dislocation  densities  in  as-received  materials. 
Our  results  showed  variable  dislocation  densities  in  the 
range,  <10  to  5x10  /cm  .  Most  of  the  wafer  lots  had 
previously  gone  through  in-coming  screening  tests  at  the 
manufacturer's  facilities  and,  we  found  that  our  results 
were  generally  consistent  with  data  obtained  by  the  device 
manufacturers  . 

To  evaluate  initial  0  and  C  concentrations  in  as-re¬ 
ceived  wafers,  we  used  Fourier  transform  infrared  absorp¬ 
tion  techniques  and  ASTM  procedures.^  In  separate  tests, 
secondary  ion  mass  spectrometry  (SIMS)  profiles  of  oxygen 
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TABLE  1. 


LIST  OF  PARTICIPANTS/DEVICE  MANUFACTURERS 
SUPPLYING  SILICON  FOR  RESEARCH  PROGRAM. 


•  ADVANCED  MICRODEVICES  INC. 

•  AMERICAN  MICROCIRCUITS  INC. 

•  NATIONAL  SEMICONDUCTOR 

•  HITACHI 

•  MATSHUSHITA  INC. 

•  Zl  LOG 

•  SYNERTEK 


•  INTEL 

•  TOSHIBA 

•  NAVAL  RESEARCH  LABS 

•  SILTEC 

•  NBK 

•  FOUR  PHASE  SYSTEMS 
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TABLE  2.  LIST  OF  SILICON  SUPPLIERS  REPRESENTED 
IN  THIS  STUDY. 


O  SEMIMETALS' 

O  SILTEC 

O  SILICON  MATERIALS  (AMETEK) 
O  MONSANTO 
O  WACKER 
O  SMIEL 
O  SEN  (JAPAN) 

O  SEH  AMERICA  (MALAYSIA) 


O  TEXAS  INSTRUMENTS 
O  NBK 

O  TOSHIBA  CERAMICS 
O  JAPAN  SILICON 
O  MOTOROLA 
O  PCA 

O  OSAKA  TITANIUM 
O  SILICON  SUBSTRATES  INC. 


concentration  were  determined  usinq  a  Camera  IMS-3f  inn 
microanalyzer.  To  establish  calibration  standards  and  de¬ 
tection  limits  for  ^  0  ,  a  controlled  oxyqen  implant  was 
made.  The  resultinq  SIMS  profiles  were  then  matched  aqainst 
the  established  chemical  profiles  and  a  detection  limit  of 
<_  3x  in17  atoms/cm^  determined  for  ^0  in  Si. 

Wet  oxidations  were  typically  done  at  10  50  to  1100°C 
for  3  hrs.,  normally  followed  by  a  "dry"  anneal  for  45  min. 
to  3  hrs.  In  all  cases,  prior  to  oxidation,  the  tube  furn¬ 
ace  was  purqed  overniqht  with  HC1  qas  to  remove  excess 
impurities  and  cont ami na t i on  and  subsequently  flushed  with 
streaminq  Ar.  Wafer  withdrawal  rates  in  separate  experi¬ 
ments,  were  1.5  cm/min  and  4  cm/min. 

After  removal  of  wafers  from  the  furnace,  oxide  layers 
were  stripped  and  the  wafers  subjected  to  a  modified  Secco 
etch^  [(100)  wafers!  etch  or  Sirtl  etch^  [(111)  wafers]. 
The  resultinq  etch  figures  were  then  examined  by  optical  or 
scanninq  electron  microscopy. 

Transmission  electron  microscopic  (TEM)  analysis  of  as- 
received,  oxidized  or  annealed  wafers  was  performed  in  both 
briqht-and  dark-field  imaqinq  modes  on  ho r i zo n t a  1 1 y - o r  ver¬ 
tically-sectioned  Si  wafers.  Internal  precipitation  war. 
examined  usinq  vertically-sect loned  wafers. 

Wafer  warpaqe  tests  were  conducted  on  samples  (contain¬ 
ing  variable  oxyqen  concentrations)  after  a  series  of  heat 
cycle  tests  at  1050°C  for  1  to  100  hrs.  Laser  interferometry 
was  then  used  to  establish  the  maximum  warpaqe  after  each 
heat  cycle. ^  To  assess  the  efficiency  of  back-surface  qetter- 
mq  procedures,  both  mechanically-induced  (abrasion,  spiral 
patterning)  and  laser-induced  damage  introduction  procedures 
were  examined.  Ion-implantation  gettering  was  excluded  from 


consideration  because  of  thp  lack  of  thermal  stability  and 
pronounced  "reverse"  (impurity  deqettennq)  annealinq  charac¬ 
teristics. 

Laser  irradiations  were  performed  on  the  ARACOR-scanninq 
CW  arqon  laser  annealinq  system."*  Wafer  temperatures  were 
maintained  in  the  ranqe,  20°C  to  300°C,  and  beam  spot  sizes 
were  typically  50  to  100  pm  in  diameter,  scan  speeds  of  were 
the  order  of  10  to  17  cm/sec. 


3.  THE  EVALUATION  UL  SILICON  QUALITY 


3.1  OX IDAT ION- I NDUCED  DEFECTS  AND  SUBSTRATE  QUALITY 

In  a  series  of  tests  on  900  samples,  we  subjected  Si 
wafers  of  (100)  and  (111)  orientation  to  a  wet  oxidation  at 
1  1 0  0  °  C  for  3.75  hrs. , followed  by  dry  oxidation  for  1.25  hrs.  , 
in  a  three-zone  furnace. 

Upon  completion  of  the  oxidation,  wafers  were  taken 
from  the  furnace  and  immersed  in  an  HE  solution  to  remove 
oxide  layers.  The  samples  were  then  etched  either  in  a  Sirtl 
(111)  or  modified  Secco  (100)  solution  for  10  to  15  minutes 
to  reveal  etch  fiqures  on  the  Si  surfaces. 

In  Fiqs.  1-5,  we  show  representative  optical  microqraphs 
of  Si  wafers  from  a  number  of  suppliers.  In  Fiq.  1,  we 
observe  an  extremely  hiqh  concentration  of  oxi dat j on ~i nduced 
stackinq  faults  (0SF)  with  substantial  development  of  pitting 
along  the  lenqth  of  the  0SF  in  thesp  wafers  (Warker).  Thr 
presence  of  these  pits  suqqested  that  the  0SF  could  be  cor¬ 
related  with  thp  presence  of  precipitates  (  PC  T  T  nucleated 
U.irinq  the  annealing.  To  further  investigate  the  0SF/PCT 
correlation,  we  immersed  samples  in  HF  solutions  for  vari¬ 
able  periods  after  oxide  removal.  It  was  found  that  pits 
were  enlarqed  after  a  period  of  immersion,  reaching  a  satu¬ 
ration  size  limit  after  15  minutes  of  exposure.  The  results 
suqqested  that  the  PCI  were  a  form  of  SiOx  and  that  the  0  S  F 
development  was  related  to  PCI  formation  and  oxygen  content, 
as  has  been  proposed  in  a  number  of  earlier  publications. 
Correlated  TEM  analysis  of  wafers  from  this  batch  lot  con¬ 
firmed  that  the  PCT  were  a  form  of  SiOx,  as  will  be  dis¬ 
cussed  in  a  subsequent  section. 


H 


FIC.  1.  OPTICAL  MICROGRAPHS  OF  SILICON  SURFACES  AFTER  OXIDATION 
AND  ETCHING-WCZ  (100);  a)  HACKER,  CZ  (100),  P-TYPE,  6.9- 
9.0  fi-CM;  b)  UACKER,  CZ,  (100),  P-TYPE,  6. 9-9.0  f'-CM, 
EXTENDED  IMMERSION  IN  HF  SOLUTION  AFTER  SECCO  ETCH. 
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In  contrast  to  the  previous  results,  wafers  obtained 
from  Smiel  consistently  showed  a  lower  concentration  of 
OSF  (Fig.  2)  than  Wacker  wafers.  Separate  wafer  lots  from 
Wacker  also  showed  considerably  reduced  OSF  densities, 
implying  some  variability  in  Si  growth  conditions  by  the 
same  manufacturer. 

In  Figs. 3-5,  we  show  additional  micrographs  obtained 
after  oxidation  and  etching,  illustrating  the  extreme  vari¬ 
ability  on  both  (100)  and  (111)  wafers  from  different  ven¬ 
dors  or  the  same  vendor  in  separate  samples  from  other 
boules.  For  reference,  a  brief  summary  of  representative 
data  obtained  from  various  wafers  is  listed  in  Table  3. 

In  Fig. 6,  we  show  optical  micrographs  obtained  from 
a  Monsanto  and  Shinetsu  wafer  after  oxidation  and  etching. 
In  both  cases,  the  wafers  contained  re  1  a 1 1 ve 1 y - 1 ow  levels 
of  oxygen  and  exhibited  r e 1  a t i v e 1 y -  1 ow  OSF  densities.  In 
Fiq.7,  we  show  optical  micrographs  obtained  on  wafers  from 
Japanese  suppliers,  illustrating  the  dependence  of  OSF  den¬ 
sity  on  oxyqen  concent  rat  ion  (19-40  ppm  oxygen).  In  general, 
we  observed  a  more  consistent  quality  in  wafers  from  batch 
lots  obtained  from  Shinetsu.  Wafers  from  Monsanto,  Siltec, 
?!3K  and  Wacker  showed  extreme  variability  from  lot  to  lot, 
althouqh  a  number  of  wafers  were  considered  acceptable. 

Of  particular  importance  for  this  study  is  the  obser¬ 
vation  of  extreme  lateral  variations  in  OSF  densities 
across  the  surface  of  wafers,  reflecting  the  non-uniform 
incorporation  of  oxygen  or  other  impurities  during  growth. 
Of  all  wafers  tested,  the  Shinetsu  samples  (19-25  ppm  oxy¬ 
qen)  exhibited  the  most  laterally  uniform  concentration  of 
OSFs.  This  is  believed  to  be  the  result,  in  part,  of 
improved  growth  techniques  for  reducing  eddy  currents  and/ 
or  controling  thermal  gradients.  Since  non-uniform  oxygen 
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OPTICAL  MICROGRAPHS  ON  SILICON  SURFACES  AFTER  OXIDATION 
AND  ETCHING  SMLCZ  (100);  SMIEL,  CZ,  (100),  N-TYPE,  6.9- 
9.0  n-CM. 
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OPTICAL  MICROGRAPHS  OF  SILICON  SURFACES  AFTER  OXIDATION 
AND  ETCHING  -  NBKCZ  (100);  NBK,  CZ,  (100),  N-TYPE,  1.0- 
5.0  n-CM. 
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FIG.  4.  OPTICAL  MICROGRAPHS  OF  SILICON  SURFACES  AFTER  OXIDATION 
AND  ETCHING  -  NBKCZNP  (100);  a)  NBK ,  CZ,  (100),  N-TYPE, 
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FIG.  5.  OPTICAL  MICROGRAPHS  OF  SILICON  SURFACES  AFTER  OXIDATION 

AND  ETCHING  -  NBKCZ  (100);  NBK,  CZ,  (111),  N-TYPE,  5-10  n-CM. 
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FIG.  6.  OPTICAL  MICROGRAPHS  OF  SILICON  SURFACES  AFTER  OXIDATION 
AND  ETCHING-MON-SHIN-CZ  (100);  a)  MONSANTO,  CZ,  N-TYPE, 
21  PPM  OXYGEN;  b)  SHINETSU,  CZ,  N-TYPE,  19  PPM  OXYGEN. 
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TABLE  3.  REPRESENTATIVE  DATA  OBTAINED  ON  SILICON  WAFERS 


Typp/  Etch  Figure 

liSLPlS.  Source  Or  lent  Growth  Resistivity  (  Q  -cm )  Oxidation  Etchant  Density  (cm— 
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incorporation  will  produce  enhanced  wafer  deformation  du¬ 
ring  annealing,  non-uniform  defect  nucleation  and  sporadic 
device  yield  variations,  it  is  presently  felt  that  improve¬ 
ments  in  growth  procedures  will  be  reguired  for  future  VHSIC 
appl 1 ca  t ions . 


To  improve  the  guality  of  available  Si,  it  has  been  re¬ 
ported  that  2-stage  annealing  in  a  nitrogen  or  argon  ambient 
will  reduce  the  OSF  density  at  the  front  surface  and  produce 
internal  SiOx  d r ec i p  i  t a 1 1  on  for  gettering.  Although  TEM 
examinations  indeed  confirmed  the  internal  nucleation  of 
SiOx,  we  did  not  observe  any  sizeable  reductions  in  OSF  den¬ 
sities  at  the  surface  in  a  large  number  of  wafers,  although 
many  exhibited  the  expected  defect  denudation  at  the  surf¬ 
ace.  These  results  are  consistent  with  the  findings  of 
Japanese  investigators  and  emphasize  the  fact  that  the  two- 
stage  anneal  for  front-surface  defect  denudation  is  not  ef¬ 
fective  for  all  wafers  and  is  indeed  dependent  upon  guality 
of  the  initial  starting  material. 

In  extended  tests  of  the  thermal  stability  of  internal 
SiOx  precipitation,  we  found  that  "reverse”  annealing  or 
degettering  occurs  during  heat  treatment  at  temperatures 
>1100°C.  At  these  temperatures,  we  observe  dissolution  of 
the  SiOx  precipitates  and  annihilation  of  the  dislocation 
structure  surroundinq  the  SiOx.  Since  the  dislocation 
structure  is  primarily  responsible  for  gettering,  the  loss 
of  these  defects  releases  trapped  defects  and  impurities 
which  then  migrate  back  to  the  front  surface  of  the  wafer. 
Hence,  from  these  results,  effective  internal  gettering 
durinq  processing  will  be  temperature  and  anneal  duration 
limited. 
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3.2  TEM  EXAMINATIONS  OF  OSF  AND  PCT/PDC  NUCLEAT ION 

IN  SILICON  WAFERS. 

Of  particular  importance  in  any  investigations  of  defect 
nucleation  in  annealed  or  oxidized  wafers  is  the  identifica¬ 
tion  of  stacking  fault  nuclei  and  the  mechanism  of  OSF  for¬ 
mation.  It  has  been  proposed  that  large  numbers  of  disloca¬ 
tions  can  be  introduced  in  CZ  Si  wafers  by  prismatic  punch¬ 
ing  of  precipitates  that  have  been  hypothesized  to  be  of 
composition,  SiOx.  The  OSF  observed  in  these  samples  have 
been  shown  to  occur  in  the  region  of  PC T-di si ocat i on  comp¬ 
lexes  and  originate  from  eventual  dissociation  of  loops 
introduced  by  prismatic  punchinq  of  the  PC T. 

In  this  study,  we  examined  a  large  number  of  samples 
after  oxidation  to  determine  the  PCT-di slocation  complex/ 
OSF  association.  In  Fig.  8  and  9,  we  show  bright-field 
transmission  electron  micrographs  of  an  oxidized  sample 
<AR  303801B)  known  to  contain  a  high  concentration  of  oxy- 
4in  (>1018/cm3). 

We  observe  the  presence  of  platelet  precipitates  asso¬ 
ciated  with  an  irreqular  dislocation  line  structure.  This 
precipitate-dislocation  line  complexing  (PDC)  was  observed 
ropeatedly  in  lot  samples  obtained  from  the  same  batch.  In 
Figures  8(a)  and  9(a),  the  higher  magnification  micrographs 
indicate  that  the  platelets  are  of  hexagonal  morphology  and 
dislocation  lines  interconnect  platelet  arrays  as  a  result 
of  stress  generated  at  the  periphery  of  the  PCT.  In  Fig. 
9(b),  the  electron  micrograph  shows  the  correlation  between 
the  PDC  and  OSF. 


To  provide  further  information  on  the  correlation  of  OSF 
and  the  PCT,  we  immersed  samples  in  a  dilute  HF  solution, 


producing  pits  along  the  length  of  the  DSf .  The  dissolution 
of  the  PCT  in  an  HF  solution,  as  well  as  the  presence  of  a 
hexaqonal  habitat  on  the  PCT,  suggests  that  the  platelets 
are  indeed  composed  of  SiO^.  The  exact  composition  of  the 
PCT  has  not  been  previously  determined  because  of  the  asso¬ 
ciated  problems  in  obtaining  clear,  well-defined  diffraction 
patterns . 


To  further  investigate  the  role  of  PDC  in  defect  gene¬ 
ration  and  the  correlation  with  OSF,  we  obtained  waers 
intentionally  doped  with  C  to  levels  <3  ppm.  Samples  were 
then  annealed  at  1100°C  for  periods  of  64  to  100  hrs.  in  an 
argon  or  nitrogen  ambient  and  subsequently  examined  in  the 
TEM.  In  these  samples,  we  observed  the  presence  of  PCT  that 
were  insoluble  in  HF  .  In  Fiqures  10  and  11,  we  show  bright- 
field  micrographs  obtained  within  the  PCT  regions.  Dislo¬ 
cation  lines  and  extended  loops  are  routinely  observed  at 
the  sides  of  the  particles,  indicative  of  a  prismatic  punch¬ 
ing  effect.  In  Fiqure  9(b),  we  observe  a  classical  distri¬ 
bution  of  loops  generated  by  the  stress  around  the  PCT.  In 
all  cases,  however,  we  were  unable  to  identify  the  composi¬ 
tion  of  the  PCT  by  selected  area  diffraction,  but  it  is  sug¬ 
gested  that  the  particles  are  a  form  of  silicon  carbide. 

If,  indeed,  SiC  is  formed  in  the  wafers  as  a  result  of 
annealinq,  the  correlation  between  PDC  and  OSF  will  not  be 
limited  to  the  nucleation  of  SiOx  particles,  as  has  been 
previously  hypothesized,  but  also  to  SiC-OSF.  It  will  then 
become  important  not  only  to  consider  the  averaqe  oxygen 
concentration  or  spatial  distribution  of  oxyqen,  but  rather 
the  statistical  variations  in  oxyqen-carbon  concentration 
ratio  as  a  parameter  in  determining  OSF  densities. 
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11.  TRANSMISSION  ELECTRON  MICROGRAPHS  OF  OXIDIZED  SILICON 
WAFERS  CONTAINING  HIGH  CARBON  CONCENTRATIONS;  a)  SIC 
PRECIPITATE  WITH  DISLOCATION  LINES  AT  EDGES;  b)  SiC 
WITH  PRISMATIC  PUNCHING  OF  LOOPS  AT  EDGE. 
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3.3  OXYGEN  CONTENT  ANO  MI  CROSTRUCTURAL  DEFECT  NUCLEAT I  ON 


To  examine  the  correlation  between  oxygen  content  and 
oxi da t i on-i nduced  defect  densities,  we  subjected  wafers  from 
variable  lots  to  wet  oxidation  at  1100°C  for  3.75  hours. 
After  removing  the  oxide  and  etching  to  expose  defects,  we 
used  optical  microscopy  to  determine  defect  concentrations. 
Correlated  TEM  examinations  were  also  performed  to  provide 
confirming  data.  Average  oxygen  and  carbon  concentrations 
were  determined  in  the  same  samples  from  IR  absorption  mea¬ 
surements  prior  to  oxidation. 

In  Fig.  12,  we  show  a  plot  of  defect  density  as  a  func¬ 
tion  of  initial  0  concentration  for  wafers  (5  to  10  ft-cm) 
obtained  from  a  number  of  domestic  and  foreign  manufacturers. 
It  is  of  particular  importance  to  note  that  the  majority  of 
domestic  Si  contains  oxygen  in  the  range,  20  to  40  ppm.  Ac¬ 
cordingly,  the  induced  defect  densities  are  high  and  such 
material  would  not  be  acceptable  for  VHSIC  appl i cat i ons . 
Wafers  from  Shinetsu  (Japan)  were  consistently  low  in  0  con¬ 
centration  and  typically  showed  the  lowest  defect  concentra¬ 
tions  after  oxidation/annealing. 

Similarly,  in  Fig. 13,  we  observe  an  apparent  linear 
increase  in  defect  density  as  a  function  of  oxygen  concen¬ 
trations  for  wafers  of  resistivity  1  to  5  tl-cm.  Again,  the 
lowest  defect  concentrations  were  observed  routinely  for 
Shinetsu  (Japan)  wafers.  To  obtain  additional  information 
on  possible  variations  in  Shinetsu  wafers,  we  made  similar 
measurements  on  wafers  manufactured  at  various  times  over 
a  2-year  period  (1978-1980).  Oxygen  concentrations  were 
typically  in  the  range  16  to  21  ppm,  with  carbon  levels 
<  0.5  ppm.  Observed  defect  densities  were  <  2/mm  ,  confirm¬ 
ing  a  reasonably  consistent  control  of  growth  procedures. 
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In  Fig.  14,  we  show  comparative  data  obtained  on  sili¬ 
con  supplied  by  domestic  and  German  manufacturers  and, 
correspondingly  in  Fig.  15,  show  data  obtained  on  material 
produced  in  Japan.  In  both  cases,  we  observe  a  similar 
dependence  of  defect  density  on  initial  oxygen  concentration. 

From  the  data  obtained  on  this  program,  we  can  conclude 
that  the  total  oxygen  concentration  and  lateral  variation  in 
concent  rat  ion  in  much  of  the  currently  available  silicon  may 
introduce  problems  in  the  utilization  of  materials  in  VHS1C 
programs.  From  available  data,  we  can  state  that  the  0  con¬ 
centration  should  not  exceed  approximately  30  ppm.  Extrapo¬ 
lating  the  present  data,  we  can  postulate  that  a  tolerable 
range  of  oxygen  in  Si  for  VHSIC  program  is  between  15  and 
25  ppm. 

3.4  CARBON  IN  SILICON  AND  DEFECT  NUCL  EAT  ION 

In  the  previous  section,  we  have  shown  that  OSF  densi¬ 
ties  in  Si  wafers  increase  as  a  function  of  increasing  oxygen 
concentration  (independent  of  Si  suppliers).  In  those  experi¬ 
ments,  the  carbon  concentration  was  relatively  low  (<  0.5  ppm) 
and  essentially  constant  for  the  samples  evaluated.  To  ascer¬ 
tain  whether  there  might  be  a  correlation  between  average  carbon/ 
oxygen  concent  rat  ion  ratio  and  oxidation-induced  defect  density 
at  the  lower  (<Z5  ppm)  oxygen  concentrations,  a  series  of  (100) 
wafers  were  obtained  where  the  boules  were  intentionally  doped 
with  varying  concentrations  of  carbon.  Average  C  and  0  concen¬ 
trations  were  determined  usinq  IR  absorption.  After  cleaning, 
the  wafers  were  subjected  to  an  1100°C  wet  oxidation  for  3.75 
hrs.,  followed  by  1.25  hr.  (dry)  0^  anneal  at  1050°C.  Oxide 
layers  were  removed  and  samples  etched  in  Secco  solution.  De¬ 
fect  densities  were  then  obtained  from  optical  microqraphs  of 
the  front  surfaces. 
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FIG.  14.  OXIDATION- INDUCED  DEFECT  DENSITY  IN  SILICON  WAFERS 

(5-10  n-CM)  (U.SJ  AND  GERMAN  SUPPLIERS)  AS  A  FUNCTION 
OF  INITIAL  OXYGEN  CONCENTRATION. 
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FIG.  15.  OXIDATION-INDUCED  DEFECT  DENSITY  IN  SILICON  WAFERS 
(5-10  fl-CM)  (JAPANESE  SUPPLIERS)  AS  A  FUNCTION  OF 
INITIAL  OXYGEN  CONCENTRATION. 
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Table  4  lists  the  data  obtained  in  these  experiments. 

We  observe  that  the  average  oxidation-induced  defect  density 
increases  as  a  function  of  increasing  oxygen  concent  rat  ion 
and  decreases  as  a  function  of  increasing  carbon  concentra¬ 
tion.  In  the  fourth  and  fifth  columns  of  Table  4,  the  cal¬ 
culated  0/C  and  C/0  concentration  ratios  are  listed.  Al¬ 
though  there  is  again  no  clearly  defined  correlation  between 
USF  density  and  the  0/C  ratio,  there  is  an  apparent  correla¬ 
tion  between  the  C/0  ratio.  This  correlation  is  shown  more 
clearly  in  fig. 16.  The  preliminary  data  obtained  then  sug¬ 
gest  that  the  C/0  ratio  is  critical  in  determining  OSF  nuc- 
leation  and  a  slight  increase  in  carbon  concentration  can 
substantially  reduce  defect  nucleation  during  oxidation. 

Thus,  these  experiments,  showed  that  the  carbon  concen¬ 
tration  in  CZ-Si  controls  the  nucleation  of  t he rma 1 1 y - i nduced 
microdefects  and  that  the  oxyqen  reduction  ratio  after  anneal¬ 
ing  was  dependent  upon  initial  carbon  concentration.  This 
observation  is  consistent  with  the  data  Fig. 16,  where  a  small 
increase  in  the  initial  C  content  and  the  C/0  ratio  produces 
observable  reductions  in  OSF  densities.  If  indeed  valid,  it 
is  conceivable  that  the  oxyqen  will  be  bound  at  carbon-silicon 
interstitial  clusters  relaxing  lattice  strain  at  the  periphery 
of  the  cluster  and  reducing  the  likelihood  of  OSF  nucleation. 
It  is  also  possible  that  the  carbon-oxygen  bound  complex  will 
enhance  the  formation  of  SiOx  prec i pi t at es  .  In  either  case, 
this  becomes  a  critical  point  for  VHSIC  programs,  since 
both  C  and  0  will  have  to  be  maintained  within  prescribed 
concentration  limits. 

3.5  WAFER  WARPAGE  AND  OXYGEN  CONCENTRATION 

The  results  of  earlier  studies  sugqest  that  variations 
in  oxygen  concentration  would  be  effective  in  enhancing  wafer 
warpaqe  after  sequential  heat  cycling.  To  further  investigate 
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TABLE  4.  CARBON/OXYGEN  CONCENT  RAT  I  ON  RATIOS  AMD  AVERAGE  OSE  DENSITIES 
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this  possibility  in  relation  to  wafer  quality,  a  series  of 
experiments  were  conducted  on  wafers  supplied  by  manufacturers. 
Infrared  absorption  measurements  were  obtained  at  several 
spots  on  the  wafer  and  average  oxygen  concentrations  deter¬ 
mined.  As  stated  in  the  Introduction,  the  present  study  is 
concerned  with  a  statistical  sampling;  subsequently,  wafers 
from  pr oduc t i on- 1 1 ne  runs  were  used  rather  than  optimally- 
prepared  samples  provided  by  a  supplier. 

Average  oxygen  concentrations,  determined  from  FTIR 
measurements,  were  in  the  range,  19  to  AO  ppm.  Wafers  were 
subjected  to  thermal  cycling  from  1050°C  to  room  tempera¬ 
ture,  using  withdrawal  rates  of  1  cm/sec  and  Scm/min.  After 
cycling,  a  Tropel  laser  interferometer  was  used  to  determine 
the  maximum  deformation  or  deviation  between  high  and  low 
positions  on  the  wafer. 

Table  5  provides  a  summary  of  data  obtained  on  selected 
wafers  after  heat  cycling.  In  each  case,  the  wafers  were 
subjected  to  rapid  withdrawal  from  the  furnace  during  cyc¬ 
ling.  In  separate  experiments  where  slow  withdrawal  rates 
were  used,  the  maximum  deformation  was  reduced  by  a  factor 
of  2  to  3. 

From  the  data  obtained,  we  observe  that  wafers  contain¬ 
ing  the  highest  concentration  of  oxygen  typically  exhibited 
the  larqest  deformation,  seemingly  independent  of  supplier. 
Conversely,  wafers  containing  smaller  con ce n t r a t l on s  of 
oxyqen  generally  showed  the  least  amount  of  deformation. 
However,  the  lack  of  any  consistent  linear  dependence  of 
deformation  on  oxyqen  concentration  also  suggests  that  late¬ 
ral  variations  in  oxyqen  content  play  an  important  role  in 
the  observed  warpaqe.  An  examination  of  the  FTIR  data 
showed  that  the  initial  oxyqen  concentration  varied  radially 
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TABLE  5.  SUMMARY  -  WARPAGE  TESTS  ON  SELECTED  WAFERS 
CONTAINING  VARIABLE  OXYGEN  CONCENTRATIONS 


WAFER 

OXYGEN  (ppm) 

HEAT  CYCLES 

WARPAGE  (  ju,m) 

T I  (CZ) 

40 

3 

300 

T  I  (CZ) 

35 

2 

250 

Monsanto  (CZ) 

28 

3 

200 

NBK  (CZ) 

30 

2 

200 

Shii  etsu  ( CZ) 

19 

2 

10 

Waeker  (CZ) 

30 

2 

210 

Monsanto  (CZ) 

21 

2 

60 

Siltec  (CZ) 

30 

2 

150 

Waeker  (CZ) 

35 

3 

300 

Osaka  Titanium  (CZ) 

21 

2 

30 

* 

Warpage  dependent  upon  both  initial  content  and  spatial 
variation  in  concentration. 

*  * 

Ca rbon/o x yqe n  ratio  dependence  not  determined. 
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by  as  much  as  25  to  30%  on  particular  wafers,  Hence,  the 
deformation  encountered  during  thermal  cyclinq  depends  upon 
both  the  total  oxygen  concentration  and  the  lateral  distribu¬ 
tion  of  oxygen  within  the  wafer. 

For  comparison,  we  show  in  Fig. 17  the  warpaqe  obtained 
by  Sony  Corporation  investigators  in  Si  wafers  grown  by  the 
float-zone,  con  vent  i  onal  -  C  zoch  r  al  s  lei  and  magneto-Czochral  ski 
techni  ques .  **  ’  ^  It  is  of  interest  to  note  that  the  magneto- 
Czochralski  (MCZ)  wafer  exhibits  the  least  amount  of  deform¬ 
ation  after  thermal  cycling.  Since  the  MCZ  technique  results 
in  lower  concentrations  of  oxygen  and  uniform  lateral  dis¬ 
tributions,  the  results  appear  consistent  with  our  tests  of 
conventional  CZ  grown  wafers,  where  low  oxygen  levels  and 
reduced  lateral  variability  produced  the  lowest  levels  of 
de  format  ion . 
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Pteannealing:l050‘C  100H 
Heat  Cycle:  1100'C--RT. 
Wafer  Diameter;  50  mm 


CZ 


high  oxygen 
content  wafers 

( >  15  ppm) 


Heat  Cycle 


FIG.  17.  PLOTS  OF  WAFER  WARPAGE  IN  VARIABLE  OXYGEN  CONTENT 
CZ,  MCZ  AND  FZ  WAFERS  AFTER  THERMAL  CYCLING  (SONY 
CORPORATION). 
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FIG.  17.  PLOTS  OF  WAFER  WARPAGE  IN  VARIABLE  OXYGEN  CONTENT 
CZ,  MCZ  AND  FZ  WAFERS  AFTER  THERMAL  CYCLING  (SONY 
CORPORATION). 
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To  initially  test  the  feasibility  of  laser  getterinq, 
we  irradiated  the  front  surfaces  of  (100)  and  (111)  wafers 
at  levels  slightly  below  or  within  melt  conditions.  Fig.  19, 
provides  optical  micrographs  obtained  on  laser-annealed  (111) 
and  (100)  Si  wafers  after  oxidation  and  subsequent  etching  of 
the  wafer  surface.  In  Fiq.  19a),  we  observe  that  defects  are 
prominently  displayed  along  the  laser  scan  lines  on  the  (111) 
wafer  surface,  with  the  regions  adjacent  to  scan  lines  exhibi¬ 
ting  an  apparent  absence  of  defects.  In  Fiq. 19b)  for  the 
(100)  wafer,  we  observe  a  similar  pattern  of  defect  denuda¬ 
tion  adjacent  to  laser  scan  lines.  To  the  right  of  the 
figure,  we  note  that  0SF  etch  figures  are  present  within  the 
control  (unirradiated)  section  of  the  wafer.  Effective 
elimination  or  reduction  of  0SF  densities  occurs  to  distan¬ 
ces  >250  pm  from  the  edge  of  the  laser  scan  line. 

Since  the  strain  field  produced  by  the  laser-induced 
defects  can  be  assumed  to  be  radially  symmetric,  we  can 
assume  that  interaction  distance  for  getterinq  of  defects 
and  0SF  nucleation  sites  is  also  greater  than  250  pm.  From 
these  results,  we  can  assume  that  laser  irradiation  of  the 
back  surfaces  of  wafers  would  be  effective  in  getterinq  of 
defects  at  the  front  surfaces  of  wafers,  since  the  range  of 
the  interaction  field  generally  exceeds  the  thickness  of 
wafers  used  in  processing. 

To  further  investigate  the  use  of  back-surface  laser 
qettennq,  we  irradiated  samples  at  powers  approximately  at 
the  level  required  to  produce  melting,  using  line  separa¬ 
tions  of  75  pm  (edge  to  edqe).  In  these  experiments,  one- 
half  of  each  wafer  was  subjected  to  laser  annealinq  and  the 
other  half  served  as  a  control  section.  After  laser  anneal¬ 
ing,  the  wafers  were  subjected  to  wet  oxidations  at  1100°C. 
After  stripping  the  oxide  layers,  the  wafers  were  immersed 
in  a  modified  Secco  solution  to  expose  0SF  at  the  front 
surf  ace  . 
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k 

(b) 

FIG.  19.  OXIDATION- INDUCED  STACKING  FAULTS  AT  THE  FRONT  SURFACES  OF 
SILICON  WAFERS  SUBJECTED  TO  (MELT-SUBMELT)  LASER  ANNEALING 
ON  FRONT  SURFACES;  a)  (111)  SI  WAFER-DEFECTS  SHOWN  GETTERED 
ALONG  LASER  SCAN  LINES;  b)  (100)  Si  WAFER-CONTROL  SECTION- 
RIGHT,  LASER  SCANS  TO  LEFT. 
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In  Figure  20  shows  optical  microqraphs  obtained  at  the 
front  surfaces  of  back-surface  1  a ser- anneal ed  samples.  In 
both  cases,  we  observe  that  the  regions  corresponding  to  the 
gettered  sides  exhibit  significant  annihilation  of  OSF  de¬ 
fects,  while  in  the  control  sections,  OSF  densities  remain 
high . 


To  further  evaluate  the  effect  of  laser  irradiation 
conditions,  we  conducted  a  series  of  experiments  in  which 
the  laser  lines  were  overlapped  (40%)  and  separated  by  vari¬ 
able  distances.  When  overlapping  lines  were  utilized,  we 
found  that  the  gettenng  efficiency  was  reduced.  Subsequent 
TEM  evaluation  showed  that  when  overlapping  lines  were  uti¬ 
lized,  the  defect  structure  induced  at  the  edge  of  the 
first  laser  line  was  partially  annihilated  durinq  the  second 
overlapping  line  scan,  thereby  reducing  the  net  back-surface 
defect  concentration  and  the  strength  of  the  strain  field 
responsible  for  qettering.  In  a  series  of  experiments,  we 
found  that  edge-to-edge  line  separations  of  ^  (0.75)  d^, 
(dg  =  laser  focal  spot  diameter),  were  optimal  for  our 
irradiation  conditions. 

To  determine  the  effectiveness  or  relative  laser  get- 
tering  efficiency,  a  series  of  wafers  was  subjected  to  back- 
surface  laser  irradiation  under  identical  conditions  except 
for  variations  in  the  laser  power.  After  1  a se r- i r rad i at i on , 
standard  oxidation  and  etch  procedures  were  used  and  the 
etch  figures  measured  for  control  (no  laser  irradiation)  and 
laser  irradiated  wafers.  To  provide  a  measure  of  the  rela¬ 
tive  qettering  efficiency,  we  used  the  ratio  of  etch-figure 
concentration  in  control,  D^,  to  concentration  within  the 
laser-scanned  region,  D  ^  ,  to  define  the  relative  gettering 
efficiency,  Q  ,  where  G  =  ^NL^L* 

Figure  21  shows  a  plot  of  Q  vs.  laser  power.  We  observe 
at  laser  powers  <12W,  that  the  efficiency  is  <1,  implying  a 
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creation  of  defects  or  increase  in  QSF  density.  Conversely, 
in  the  submelt  region  (12W  <P  03W),  the  efficiency  is  dramati¬ 
cally  increased,  produsing  an  OSF  annihilation  factor  of  805S. 
At  laser  powers  >  13W,  well  within  the  melt  regime,  we  observe 
no  further  increases  in  gettering  efficiency,  and  a  remains 

'V 

at  —  5.5.  For  wafers  irradiated  at  power  levels  <  12W,  we 
observed  that  a  450°C  post-laser,  pre-oxidation  anneal  produced 
an  increase  in  the  gettering  efficiency  (Fig.  21). 

Our  initial  data  did  not  permit  a  reasonable  explanation 
for  this  increase  in  gettering  efficiency  after  post-laser 
thermal  annealing.  However,  subsequent  experiments,  in  which 
low  temperature  anneals  were  shown  to  produce  damage  stabiliza¬ 
tion  (Section  A. 3),  provide  some  insight  onto  the  results 
obtained  in  these  experiments.  Partial  stabilization  of  laser- 
induced  damage  is  attained  under  the  conditions  utilized, 
although  the  conditions  are  not  optimal  for  complete  stabiliza¬ 
tion.  Upon  subsequent  oxidation,  the  (partially)  stabilized 
damage  will  prove  effective  in  gettering  of  point  defects  res¬ 
ponsible  for  OSF  nucleation,  thereby  producing  an  effective 
increase  in  relative  qettering  efficiency. 

A. 2  FRONT-SURFACE  LASER  GETTERING  OF  WAFERS  FOR  VHSIC 

APPLICATIONS 

In  the  previous  section,  we  discussed  the  application  of 
back-surface  laser  irradiation  for  qettering  of  impurities  and 
defects  in  bulk  Si  wafers.  In  this  section,  we  will  discuss 
the  use  of  f ront -sur f ace  qettering  procedures  for  the  getter¬ 
ing  of  defects  and  impurities  in  zones  nearest  to  processing 
reqi ons . 

In  these  experiments,  we  used  scanning  Ar  laser  irradia¬ 
tion  of  wafers  maintained  at  room  temperature.  Separate 
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tests  were  also  conducted  usinq  substrate  temperatures  of 
150°C.  A  scan  line  overlap  factor  of  30  to  40%  and  a  scan 
velocity  of  ^  10  cm/sec  was  used  during  laser  irradiation. 

The  focal  spot  size  was  50  ym  and  laser  powers  were  varied 
between  3W  and  9W. 

To  provide  control  data, we  irradiated  half  of  each 
wafer  and  retained  the  remaining  section  for  comparative 
analysis.  Subsequent  to  laser  irradiation,  wafers  were 
cleaned  and  subsequently  (wet)  oxidized  at  1100°C  for  3  hrs. 
After  removing  the  oxide  layers,  both  control  and  laser- 
annealed  samples  were  immersed  in  a  modified  Secco  etching 
solution  to  expose  defects  and  OSFs  at  the  wafer  surfaces. 

In  Fiqure  22  shows  representative  optical  micrographs 
obtained  within  the  control  section  (no  laser  pre- t reatment ) . 
(Fig.  22a)  and  laser  irradiated  section  of  a  wafer.  We  observe 
that  the  density  of  OSF  etch  figures  is  considerably  reduced 
in  the  section  exposed  to  laser  irradiation.  A  histogram  plot 
of  the  number  of  etch  figures,  as  a  function  of  position  along 
a  diameter  of  the  wafer,  is  shown  in  Fig.  23.  Relative  to  the 
control  section,  a  reduction  in  OSF  density  ^  80%  is  observed. 

To  determine  the  depth  of  effective  qetterinq,  a  series  of 
samples  were  subjected  to  sequential  oxidations  and  subsequent 
Secco  etches.  For  equivalent  depths  <3  ym,  we  observed  a  simi¬ 
lar  pattern  of  OSF  distribution  with  densities  substantially  re¬ 
duced  within  the  laser  pre-treated  sections.  At  depths  >3  urn, 
however,  no  variation  in  OSF  densities  were  detected  within 
laser-irradiated  or  control  sections,  sugqestinq  that  the  range 
of  qettering  under  these  conditions  is  <3  ym  .  These  tests  were 
repeated  on  a  number  of  wafers  with  essentially  identical 
results.  For  some  of  the  worst  wafers  identified  in  this  study, 
we  were  able  to  achieve  substantial  reductions  in  oxidation- 
l nduced  de  feet  s . 
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FIG.  23.  HISTOGRAM  PLOT  OF  DEFECT  DENSITIES  (FRONT  SURFACE)  AFTER 

1100°C  WET  OXIDATION  OF  FRONT-SURFACE  LASER-GETTERED  WAFERS 
WITHIN  BOTH  CONTROL  (NO  LASER  IRRADIATION)  AND  LASER  SCANNED 
REGION. 
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Under  the  conditions  used  in  this  study,  P<<P  and 

melt 

me  1 1 - r e so  1 1 d i f 1 ca 1 1  on  induced  defects  are  not  present.  In 
like  manner,  slip  lines  are  also  not  generated.  However, 
quenched-in  point  defects  and  clusters  are  introduced  at 
depths  >1  um,  as  confirmed  in  DLTS  measurements  at  Xerox 
Research  Laboratories  and  Bell  Laboratories,  and  by  direct 
TEM  observation  at  ARACOR.  These  cluster  zones  provide  the 
qetterinq  sites  for  f ast-di f fusinq  metallic  impurities  and 
defects  that  serve  as  nucleation  regions  for  OSF  formation. 

From  the  results  obtained,  the  technique  appears  advan¬ 
tageous  for  application  to  VHSIC  processing,  since  it  can  be 
readily  used  either  singly  or  in  conjunction  with  other  bulk 
gettering  techniques.  Of  extreme  importance,  however,  is  the 
fact  that  effective  qettering  is  produced  directly  at  the 
f  ront  surf  ace . 

4.3  BACK-SURFACE  DAMAGE  STABILIZATION  FOR  INCREASED 

GETTERING  EFFICIENCY 

The  use  of  various  qettering  techniques  has  been  an 
accepted  procedure  in  Si  processing  for  the  past  20  years. 
In  each  case,  however,  there  are  particular  disadvantages 
inherent  in  its  application.  One  common  factor  is  the  lack 
of  thermal  stability  over  long,  h i qh - t empe r a tu re  anneal inqs, 
as  would  be  typically  encountered  during  processing.  Damaqe 
introduced  into  the  hack  surface  of  a  wafer  by  ion  implanta¬ 
tion,  diffusion,  or  mechanical  abrasion  is  largely  annealed 
after  45  minutes  of  annealing  at  1000°C,  reducing  the  qet¬ 
terinq  efficiency  and  producing  "reverse"  gettering  or  the 
release  of  trapped  impurities  that  diffuse  back  into  the 
interior  of  the  wafer.  The  use  of  intrinsic  gettering  or 
internal  SiOx  precipitation  is  also  unstable  at  temperatures 
exceedinq  1100°C.  At  temperatures  in  the  1100  to  1200°C 
ranqe,  dissolution  of  the  SiOx  precipitates  occurs,  result¬ 
ing  in  the  annihilation  of  internal  qetterinq  sites. 


To  further  investigate  the  problem  of  thermal  stability, 
we  began  a  series  of  experiments  on  double-phase  annealing  of 
back-surface,  mechanically-damaged  wafers  to  determine  if  the 
annealing  behavior  could  be  altered.  As  a  result  of  these 
studies,  we  have  identified  a  technigue  and  investigated  mecha 
nisms  for  stabilization  of  back-surface  damage  in  gettering 
regions.  In  addition,  we  have  now  shown  the  enhanced  diffusion 
of  oxygen  in  the  presence  of  defects  in  Si  wafers. 

Samples  used  in  this  study  were  n-  and  p-type,  75-mm 
diameter,  400-pm  thick  CZ-Si  wafers  of  [100]  orientation  (+1°) 
Oxygen  concentrations  in  the  range,  1.0  to  1.2  x  10  cm"  , 
were  determined  by  Fourier  transform  infrared  (FTIR)  absorp- 
tion  measurements  on  unannealed  wafers  using  ASTM  procedures  . 

Back-surface  damage  was  introduced  in  Si  wafers  using  a  rotary 

8  —  9 

abrasion  technigue  to  create  concentric  spiral  grooves 

extending  to  an  average  depth  of  %  8  to  10  pm  into  the  surface. 
Annealing  was  done  either  in  a  flowing  N  atmosphere  or  in 

an  oil-free  vacuum  system  at  a  vacuum  level  of  ^  10  Torr. 

In  separate  experiments,  samples  were  annealed  under  the  fol¬ 
lowing  conditions:  a)  600°C,  1  to  24  hours,  b)  1 0  50°  C ,  1  to 

15  hours,  c)  600°C,  24  hours  +  1050°C,  1  to  15  hours  and  d) 

1050°C,  1  to  5  hours  +  600°C,  1  to  10  hours. 

Specimens  for  TEM  analyses  were  prepared  by  a  modified 
jet  thinning  procedure.  Horizontal  sections  were  prepared  by 
first  immersing  in  a  calibrated  (9:1)  HNO^:  HF  etch  solution 
to  remove  material  within  damaged  regions  and  subseguently  jet 
thinning  from  the  front  surface.  Vertical-cross-section  samples 
were  prepared  from  a  series  of  stacked  800-Pm  x  3000-pm  strips 
cut  along  a  < 1 1 0 >  direction  and  embedded  in  epoxy  resin  (EP0N- 
812).  After  chemi ca 1/me  chan i c a  1  polishing  to  a  thickness  of 
150  pm,  specimens  were  ion  milled  in  a  Commonwealth  Scientific 
l  nstrument . 


Secondary  ion  mass  spectrometry  was  used  to  obtain  oxygen 
impurity  profiles  at  the  back  surfaces  of  the  Si.  Samples  for 
cross-sectional  SIMS  imaging^®  were  cleaved  along  a  <  1 1 0  > 
direction,  embedded  in  a  low  melting  point  Sn-Bi  alloy,  and 
subjected  to  chemical/mechanical  polishing.  In  all  cases, 
specimens  were  analyzed  in  a  Cameca  IMS-3f  microanalyzer  using 
Cs+  ion  bombardment  while  detecting  ^0“  and  ^®Si~  se¬ 
condary  ions.  The  oxygen  concentration  levels  were  determined 
using  standards  prepared  by  ion  implanting  oxygen  into  CZ-Si . 
Residual  pressure  within  the  sample  chamber  during  SIMS  pro- 

_  n 

filing  was  1  x  10  Torr  while  sputtering  at  a  rate  of 

O 

350  A/sec. 

Transmission  electron  microscopic  examination  showed 
that  the  rotary  abrasion  process  produced  a  laterally  discon¬ 
tinuous  array  of  nested  dislocations  decreasing  in  density  as 
a  function  of  depth  beneath  the  level  of  macroscopic  damage 
qrooves.  Annealing  at  600°C  for  1  to  24  hours  in  either  vacuum 
or  flowing  produced  no  significant  annihilation  of  disloca¬ 
tion  line  structure.  However,  dark-field  electron  micrographs 

O 

showed  the  presence  of  small  (<  250A  image  diameter)  micro- 
precipitates  within  back-surface-damage  regions,  either  pinned 
along  dislocation  lines  or  in  adjacent  regions,  increasing  in 
density  as  a  function  of  increasing  annealing  duration.  Exami¬ 
nation  of  double-annealed  (600°,  24  hour  +  1050°C,  1-3  hour) 
samples  showed  a  dramatic  increase  in  dislocation  line  concen¬ 
tration  (Fig.  24a)  and  a  subsequent  increase  in  the  effective 
width  of  the  damage  reqion  at  the  back  surface.  In  addition, 
we  observed  the  appearance  of  well-defined  SiOx  precipitates 
alonq  dislocation  lines  and  p rec i pi t a t e-di si oc a t i on  complexes 
(PDC)  associated  with  the  nucleation  of  clustered  precipitates 
(  Fig.  24b)). 

Fiqure  25  shows  the  measured  dislocation  line  as  a  func¬ 
tion  of  depth  beneath  damage  qrooves.  In  the  damaged  control 
samples  and  in  samples  annealed  at  600°C  for  24  hours,  we 
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FIG.  24  BRIGHT-FIELD  TRANSMISSION  ELECTRON  MICROGRAPHS  OBTAINED  ON  BACK- 
SURFACE  DAMAGED  SAMPLES  SUBJECTED  TO  VACUUM  ANNEALING  AT  600°C, 

24  HRS.  +  1050°C.  3  HR:  (a)  HORIZONTAL  SECTION  AT  DEPTH  OF  %  5  pm 

BELOW  THE  DEPTH  OF  DAMAGE  GROOVES:  (b)  HIGH  MAGNIFICATION  MICRO¬ 
GRAPH  SHOWING  THE  PRESENCE  OF  DISLOCATION  LINES  NUCLEATED  WITHIN 
CLUSTERED  SiOx  REGIONS. 
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FIG.  25.  DISLOCATION  LINE  DENSITY  AS  A  FUNCTION  OF  DEPTH  FOR 
CONTROL  AND  DOUBLE-ANNEALED  SAMPLES. 
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observed  a  ve r t 1 ca 1 1 y-q r aded  dislocation  line  structure  exten¬ 
ding  to  an  estimated  depth  of  ^  10  pm.  After  double  annealing 
in  either  vacuum  or  flowing  Nj,  we  observed  a  significant 
increase  in  the  dislocation  line  density  within  the  near-sur¬ 
face  (<  10  pm)  region  and  a  zone  of  secondary  line  structure 
extending  to  a  depth  £  40  pm. 

To  provide  further  information  on  the  depth  distribution 
of  primary  and  secondary  damage,  vertical-cross-section  samples 
were  prepared  for  TEM  analysis.  Damaged  (unannealed)  and  600°C 
annealed  samples  contained  dislocation  lines  extending  to  a 
depth  £  10  pm,  in  agreement  with  horizontal  sectioning  measure¬ 
ments.  Examination  of  double  annealed  (600°C  +  1050°C)  samples 
(  [110]  surface)  showed  a  heavy  concentration  of  dislocation 
lines  and  precipitates  within  a  near-surface  region  (depth 
£  14  pm)  and  a  secondary  zone  of  dislocation  lines  extending 
from  the  periphery  of  the  region  to  a  depth  of  £40  pm.  Figure 
26  is  a  representative  (vertical  cross  section)  electron  micro¬ 
graph  obtained  at  the  edge  region  of  the  two  zones,  (d  £14  pm) 
showing  the  development  of  secondary  microstructure  and  preci¬ 
pitation  within  the  primary  damage  region. 

Horizontal  sectioning  measurements  show  that  ^  80%  of  the 
dislocation  line  structure  is  annihilated  after  a  3-hour,  1030°C 
anneal.  If  this  high-temperature  step  is  followed  by  600°C  an- 
nealinq,  the  development  of  secondary  dislocation  line  structure 
(Fiq.  26)  is  not  observed. 

A  correlation  between  dislocation  line  structure  and  oxy- 
qen  redistribution  was  obtained  from  SIMS  profiles  of  the  oxy- 
qen  concentration  beneath  damaqe  grooves.  Figure  27  shows  the 
SIMS  oxyqen  profiles  in  control  (unannealed)  and  annealed  sam¬ 
ples.  The  control  sample  shows  essentially  no  redistribution 
of  oxygen,  whereas  annealing  at  1030oC  for  1  to  3  hrs.  causes 


FIG.  26.  BRIGHT-FIELD  ELECTRON  MICROGRAPHS  OBTAINED  ON  VERTICAL- 
CROSS- SECTION  SAMPLES  ([lOO] PLANE)  AT  DEPTH  OF  *  14  ym 
AFTER  ANNEALING  AT  600dC  FOR  24  HRS.  FOLLOWED  BY  A  3- HR 
ANNEAL  AT  1050°C. 


57 


CONCENTRATION  (at-cm 


1022 


OXYGEN  GETTERING  IN  SI 


1020 


—  Control  (unannealed) 
aaa  600 °C,  24  hr.  anneal 
oc»  600° C,  24  hr.  anneal 

+  1050°C,  3  hr.  anneal 
cm  1050°C,  1  hr.  anneal 


1019 


1018 


N~~£oQOOOO- - 


-Q-Q.©  ©.©-©_ 


1018 


20  30 

DEPTH  (jim) 


FIG.  27.  SIMS  PROFILES  OF  OXYGEN  CONCENTRATION  AT  BACK-SURFACE 
OF  DAMAGED,  ANNEALED  SAMPLES. 


oxyqen  redistribution.  Annealing  at  600°C  for  24  hours  produ¬ 
ces  substantial  motion  and  gettennq  of  oxyqen  into  back-sur- 
face-damaqe  regions.  Comparing  Figs.  25  and  27,  we  observe 
that  the  oxyqen  is  gettered  within  a  region  corresponding  to 
the  near-surface  dislocations.  Correspondingly,  when  the  low- 
temperature  annealinq  is  followed  by  a  3-hr.,  1Q50°C  annealing 
treatment,  the  oxygen  profiles  again  closely  parallel  the  dis¬ 
location  line  density  distribution  shown  in  Fig.  25. 

Ion  micrographs  (Fiq.28)  obtained  on  vertical  cross-sec¬ 
tions  of  annealed  samples  provide  further  supportive  data  on 
the  correlation  between  oxygen  redistribution  and  damage 
structure.  After  annealing  at  600°C,  dislocation  lines  are 
decorated  with  oxyqen  atoms  and  extend  to  a  depth  of  10  urn. 
After  subsequent  annealinq  at  1050°C,  the  oxygen  concentration 
is  dramatically  increased  within  the  near-surface  region,  pro¬ 
ducing  a  band  of  precipitated  oxygen  (Fig.  28b)).  Secondary 
dislocation  lines  decorated  with  oxyqen  extend  from  the  edqe  of 
the  primary  damage  zone  to  a  depth  of  [^40  Pm.  We  detected  rui 
internal  oxyqen  bandinq  or  secondary  damaqe  structure  with  cor¬ 
related  oxyqen  precipitation  in  undamaqed  or  1050“C  annealed 
s  amp  1 e  s . 

From  these  data,  we  conclude  that  annealinq  of  back-sur face- 
damaqed  samples  at  600°C  produces  rapid  redistribution  and  qe t - 
terinq  of  mobile  oxygen  along  dislocation  lines.  This  primary 
damaqe  is  stabilized  or  pinned  in  the  presence  of  oxyqen, ^with 
neqliqible  annihilation  upon  further  annealinq  at  600°C.  Subse¬ 
quent  annealinq  at  1050°C  produces  additional  gettennq,  oxyqen 
precipitation  and  an  increase  in  dislocation  line  density,  both 
within  PDC  clusters  and  as  a  result  of  increased  strain  fields 
created  by  the  excessive  SiO^  precipitation.  Secondary  dislo¬ 
cation  lines  extendinq  to  a  depth  of  >  40  ym  are  thought  to  be 
generated  by  large  strain  fields  associated  with  misfit  between 
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SiOx  precipitates  and  the  Si  lattice  within  a  heavily  precipi¬ 
tated  near-surface  region.  After  forming,  the  secondary  dislo¬ 
cation  lines  serve  as  sinks  for  additional  gettering  of  oxygen. 

In  additional  tests,  we  found  that  the  damage  at  the  back- 
surface  was  stable  and  did  not  suffer  annihilation  after  exten¬ 
ded  15-to  30-hr.  anneals  at  1100°C.  These  results  demonstrate 
that  gettering  is  stabilized  and  persists  throughout  a  proces¬ 
sing  sequence . 

In  an  earlier  section  (4.1),  we  discussed  the  use  of  back- 
surface  laser  irradiation  for  gettering  ap pi i ca t 1 ons .  In  the 
experiments  conducted,  preliminary  data  indicated  that  a  low 
temperature  primary  anneal  after  laser  exposure  would  tend  to 
stabilize  damage  and  increase  the  gettering  efficiency.  The 
present  data  now  clearly  begin  to  define  the  procedures  that 
will  be  effective  for  stabilization  of  laser  gettering. 


4.4  LOW-TEMPERATURE  REDISTRIBUTION  AND  GETTERING  OF 
OXYGEN  IN  SILICON 

1  2 

In  a  recent  paper,  it  was  shown  that  oxygen  could  be 
readily  qettered  from  the  interior  into  back-surface-damage 
regions  of  Czochralski  (CZ)  Si  wafers  after  annealing  at  tempe¬ 
ratures  in  the  range,  600°  to  1050°C.  Because  of  the  relative 
importance  of  the  subject  of  oxygen  redi  stnbution  in  Si,  it 
is  essential  that  the  motion  of  oxygen  in  bulk  Si  be  properly 
assessed  and  understood.  To  extend  the  results  of  the  initial 
investigation  on  the  rapid  redistribution  of  oxygen,  a  series 
of  experiments  were  conducted  using  transmission  electron  micro¬ 
scopy  (TEM),  secondary  ion  mass  spectrometry  (SIMS)  depth  pro¬ 
filing  and  secondary  ion  microscopy  to  determine  if  oxygen  can 
be  qettered  at  temperatures  in  the  range,  300°  to  300 0 C . 


Samples  for  these  experiments  were  n-  and  p-  type,  75-mm 
diameter,  400  ym  thick  CZ-Si  wafers  of  [100]  orientation.  Oxy- 
gen  and  carbon  concentrations  of  1.0  to  1.1  x  10  cm'  and 
1.9  x  lO^cm-"*,  respectively,  were  determined  by  Fourier 

transform  infrared  (FTIR)  absorption  measurements  on  unannealed 

1  8  9  12 

wafers  using  ASTM  procedures  .  Rotary  abrasion  techniques  *  ' 

were  used  to  create  concentric  grooves  of  8-to  10-  ym  depth 

into  the  back  surfaces  of  wafers.  Annealing  was  done  in  either 

flowing  Ar  or  in  an  oil-free  vacuum  system  at  a  pressure  of 
-  8 

'v  10  Torr.  Samples  were  annealed  in  separate  experiments  at 
temperatures  between  300°  and  500°C  for  periods  of  10  to  72  hours. 

Control  and  annealed  samples  were  prepared  for  TEM  analy¬ 
sis  in  the  form  of  3-mm  x  3-mm  parallelepipeds .  Conventional 
jet  thinning  techniques  were  used  to  produce  electron  transpa¬ 
rent  regions  (<3500  A  thick)  for  examination  in  the  electron 

1  2 

microscope.  Horizontal  sectioning  was  used  to  obtain  a 
quantitative  measurement  of  the  distribution  of  microstructural 
damage  as  a  function  of  depth  at  the  back  surface  of  damaged 
wa  fers . 

Oxyqen  concentrations  at  the  back  surfaces  of  control  and 
damaged,  annealed  samples  were  determined  using  SIMS  depth  pro¬ 
filing.  For  cross-sectional  analysis,  samples  were  cleaved 
along  a  <110>  direction,  and  cut  into  1-mm  x  5-mm  strips.  The 
strips  were  subsequently  stacked  and  embedded  in  a  low-melting- 
point  Sn-Bi  eutectic  alloy.  After  chemical/mechanical  polishing, 
the  specimens  were  introduced  into  the  chamber  of  the  mass 
spectrometer  and  lateral  oxygen  distributions  obtained  in  the 
ion  imaqinq  mode  of  operation^.  All  samples  were  analyzed  in 
a  Cameca  IMS-3f  microanalyzer  using  Cs  +  primary  ion  bombard¬ 
ment  while  detecting  ^0-and  ^Si "  seconda  ry  ions.  Cali¬ 
bration  standards  for  determining  oxyqen  concentrations  were 
prepared  by  ion  implantation  of  ^0  into  CZ-Si. 
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Examination  by  TEH  of  control  (undamaged)  and  back-surface- 
damaged  (unannealed)  samples  showed  that  a  1 ateral 1 y-di scont 1 - 
nous  complex  network  of  dislocation  nests  and  tangles,  extending 
to  a  depth  of  >10  pm,  was  produced  by  the  rotary  abrasion  process. 
The  dislocation  density  was  observed  to  decrease  as  a  function 
of  depth,  resulting  in  a  ve r t ical 1 y -g r aded  defect  distribution 
at  the  back  surface  of  the  Si  wafer.  After  annealing  at  tempe¬ 
ratures  in  the  range,  300°  to  300°C,  for  periods  of  up  to  72 
hours,  we  observed  no  significant  alterations  in  either  the  la¬ 
teral  or  vertical  distribution  of  defects  within  damaged  regions. 
Careful  examination  of  samples  annealed  at  300°C  for  48  hours 

O 

showed  the  presence  of  small  microprecipitates  (  ^100  to  150  A 
average  image  diameter)  concentrated  at  the  edges  of  dislocation 
lines.  Increasing  either  the  annealing  time  or  temperature  pro¬ 
duced  a  corresponding  increase  in  the  density  of  mi croprec l pi - 
tates,  accompanied  by  only  a  small  increase  in  average  image 
di ameter . 

Figure  29a)  shows  a  representative  bright-field  electron 
micrograph  obtained  from  the  back  surface  of  a  sample  after 
annealing  at  400°C  for  72  hrs.  in  flowing  Ar .  The  presence  of 
precipitates  is  clearly  noted  and  observed  throughout  the  dam¬ 
age  region.  Figure  29b)  shows  a  schematic  of  the  vertical 
cross  section  ([110]  plane)  and  oxygen  ion  micrograph  obtained 
from  a  sample  annealed  at  400°C  for  72  hrs.  in  flowing  Ar .  The 
presence  of  oxygen  along  dislocation  lines  at  the  back  surface 
is  readily  observed  in  the  secondary  ion  micrograph.  The  majo¬ 
rity  of  oxygen-decorated  dislocation  line  structure  is  confined 
to  a  depth  of  <  10  y  m,  beneath  damage  grooves  at  the  back  sur¬ 
face,  in  agreement  with  horizontal  depth  sect loning/TEM  deter¬ 
minations  of  dislocation  density  profiles.  In  contrast,  exami¬ 
nation  of  damaged,  unannealed  samples  in  vertical  cross  section 
show  no  oxygen-decorated  dislocation  line  structures  by  TEM  and 
an  apparent  absence  of  any  imaqeable  oxyqen  (by  SIMS)  within 
damage  regions  at  the  back  surface. 


63 


64 


(b)  10’'” 

PIG.  29.  BRIGHT  FIELD  TRANSMISSION  ELECTRON  MICROGRAPH  AND  SECONDARY  ION  MICRO- 
GRAPH  FROM  BACK  SURFACE  DAMAGED  SILICON  SAMPLE  AFTER  ANNEALING  AT  400°C  FOR  72 
HOURS;  A)  BRIGHT  FIELD  ELECTRON  MICROGRAPH  SHOWING  THE  PRESENCE  OF  SiOx  PRECIP¬ 
ITATES  CONCENTRATED  ALONG  DISLOCATION  LINES;  B)  SECONDARY  ION  MICROGRAPH  AND 
SCHEMATIC  SHOWING  CROSS  SECTIONAL  SAMPLE  ({110}  PLANE)  AND  OXYGEN  DECORATION 
ALONG  DISLOCATION  LINES  WITHIN  BACK  SURFACE  DAMAGE  REGION. 


To  obtain  additonal  information  on  the  r ed 1 s t r l bu t i on  of 
oxygen  as  a  function  of  annealing  temperature  and  annealing 
time,  SIMS  profiles  of  oxygen  concentration  as  a  function  of 
depth  were  obtained  beneath  damage  grooves  at  the  back  surface. 
Samples  were  annealed  at  300° , 350° , 400°  and  500°C  for  periods 
of  10  to  72  hrs.  in  separate  experiments.  For  comparative  pur¬ 
poses,  we  conducted  identical  annealinq  experiments  in  flowing 
Ar  and  under  high  vacuum.  Annealing  at  300°C  for  periods  <24 
hrs.  produced  no  detectable  qettering  of  oxygen  within  damage 
regions.  However,  for  annealinq  times  >24  hrs.  (at  300°C),  we 
were  able  to  clearly  detect  the  presence  of  gettered  oxygen  at 
the  back  surface.  Similarly,  for  annealing  temperatures  >300°C 
the  redistribution  and  gettering  of  mobile  oxygen  was  noted 
within  damage  regions  and  observed  to  increase  as  a  function  of 
increasing  annealing  time.  Fiqure  30  shows  the  relative  0~ 
on  intensity  profiles  obtained  at  the  back  surface  after  damage 
introduction  (no  annealing)  and  after  annealinq  at  variable 
temperatures  for  64  and  72  hrs.  Also  included  for  reference  is 
the  measured  dislocation  line  density  as  a  function  of  depth 
beneath  damage  grooves. 

After  annealinq  at  300°C  for  64  hrs.,  oxygen  is  concentra¬ 
ted  within  a  zone  <  2-  y m  wide  at  the  back  side  of  the  wafer. 
When  the  temperature  is  increased  to  350°C,  the  gettered  oxyqen 
is  distributed  over  a  region  extending  8.0  urn  below  damaqe 
qrooves  at  the  back  surface.  After  annealing  at  400°C  or  500°C 
for  periods  >64  hrs.,  additional  gettering  of  oxygen  is  noted 
throughout  the  damaqe  reqion,  resulting  in  a  graded  concentra¬ 
tion  profile  that  reflects  the  decreasing  dislocation  line 
density  with  increasing  depth  from  the  back  surface.  In  compa¬ 
rative  tests  on  vacuum  annealed  samples  and  samples  annealed 
in  flowing  Ar,  no  essential  difference  in  the  distribution  of 
gettered  oxygen  is  observed  in  the  profiles  obtained,  suggest¬ 
ing  that  the  annealing  process  is  not  a  significant  oxygen 
source  in  these  experiments. 
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FIG.  30.  BACK-SURFACE  DEFECT  DENSITY  AND  SIMS  PROFILES  OF  RELATIVE 

160  ION  INTENSITIES  AFTER  ANNEALING  AT  VARIABLE  TEMPERATURES 
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Figure  31,  shows  a  semiloq  plot  of  the  qettered  ^0  con¬ 
tent  as  a  function  of  10^/T(aK)  for  samples  annealed  for  48 
and  72  hrs.  at  variable  temperatures.  The  amount  of  gettered 
oxygen  was  obtained  by  integrating  the  oxygen  concent  rat  ion 
profiles  over  the  gettering  depth,  relative  to  the  back  surface, 
with  the  limit  of  integration  set  at  the  point  where  the  oxygen 
(gettered)  profile  intersects  the  background  or  bulk  oxygen 
doping  level  (1.1  x  10  /cm  ).  Using  the  data  shown  in  Fig. 

31,  an  activation  energy  of  0.92  +  0.04  eV  was  computed. 

The  above  data  indicate  that  oxygen  is  rapidly  redistribu¬ 
ted  and  gettered  by  back-surface  damage  at  temperatures  as  low 
s  300°C.  The  process  can  be  characterized  by  an  activation 
energy  of  0.92  eV  in  the  presence  of  a  large  stress  field  pro¬ 
vided  by  the  ve r t ica 1 1 y -q r aded  dislocation-line  density  at  the 
wafer  backside.  Both  transmission  electron  and  secondary  ion 
micrographs  confirm  the  presence  of  oxygen-related  (SiOx)  pre¬ 
cipitates  along  dislocation  lines.  Correlated  SIMS  profiles 
also  show  a  graded  oxygen  profile  indicative  of  the  decreasing 
dislocation  line  density  as  a  function  of  depth. 

From  these  data,  the  possibility  of  enhanced  motion  of  the 
oxyqen  via  a  dislocation  line/pipe  diffusion  mechanism  can  be 
neqated,  since  transport  along  a  diffusion  pipe  would  not  result 
in  a  qraded  oxygen  profile.  Furthermore,  the  flux  of  oxygen 
atoms  movinq  from  the  interior  of  the  wafer  to  the  backside 
would  require  an  additional  drivinq  force  for  accelerated  mass 
transport.  Hence,  it  appears  that  the  low-temperature  dif¬ 
fusion  and  qettering  of  oxygen  observed  in  these  experiments  is 
largely  controlled  by  the  magnitude  of  the  stress  gradient  at 
the  back  surface.  It  can  be  speculated  that  similar  low-tempe¬ 
rature  diffusion  of  oxygen  will  occur  in  the  presence  of  a 
stress  field,  regardless  of  whether  such  fields  are  introduced 
by  ion  implantation  damage,  precipitation  or  contact  alloying. 
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1  A  IQ 

A  number  of  investigations  have  shown  that  various 

double-annealing  schedules  can  be  employed  to  induce  internal 
SiOx  precipitation  that  is  effective  in  trapping  of  impurities 
during  processing.  Recent  experiments  using  two-step  annealing 
of  back-surface-damaged  wafers  and  the  rapid  diffusion  and  get- 
tering  of  oxygen  to  stabilize  damage  have  shown  that  extrinsic 
gettering  is  effective  for  extended  periods  of  time  at  tempera- 
tures  10D0°C  .  Using  the  t  wo -s  t  ep- anne  a  1 1  ng  schedule 

stabilizes  back-surface  damage  and  induces  internal  SiOx  nuc- 
leation,  so  that  both  stabilized  extrinsic  and  intrinsic  getter¬ 
ing  are  present.  However,  the  stabilized  back-surface  structure 
should  exert  some  influence  on  SiOx  nucleation  and  gettering 
within  the  interior  of  the  wafer.  In  this  section,  we  report 
on  the  effect  of  back-surface  damage  in  two-step  annealing  on 
SiOx  nucleation  and  front-surface-defect  denudation  zones  using 
correlated  data  from  transmission  electron  microscopy  (TEM), 
scanning  electron  microscopy  (SEM),  optical  microscopy,  second¬ 
ary  ion  mass  spectrometry  (SIMS)  profiling,  and  secondary  ion 
microscopy  measurements.  Samples  used  in  these  studies  were 
n-type,  7 5-mm-d i ame t e r  Czochralski  (CZ)-Si  wafers  of  [100] 
orientation  and  ^  500-  p  m  thickness.  Preliminary  estimates  of 
background  oxygen  concentrations  on  as-received  wafers  were 
ade  using  Fourier  transform  infrared  absorption  technigues  and 

ASTM  procedures.  From  these  measurements,  average  oxygen  concen- 

18  3 

tration  of  1.7  x  10  /cm  was  determined. 

In  one  set  of  experiments,  wafers  were  polished  on  both 

sides  and  subjected  to  thermal  annealing  treatments.  Separate 

lots  of  wafers  were  subjected  to  back-side  mechanical  abra- 
8  9  12 

sion  ’  ’  to  introduce  defect  di s t r i but i ons  at  one  surface. 
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prior  to  annealing.  Primary  and  secondary  annealing  were  per¬ 
formed  in  a  flowing  Ar  environment  at  600°C  for  periods  of  3 
to  24  hrs.and  at  1050°C  for  periods  of  3  to  6  hrs.,  respective¬ 
ly.  Subsequent  oxidation  of  selected  wafers  was  done  at  1100° 
in  dry  0^  for  a  period  of  4.5  hrs. 

Specimens  for  ve r t i c al- c r os s - se ct i on  TEM  analysis  were 
prepared  by  cutting  thin  strips  along  <110>  directions  and 

1  2 

potting  in  EPON  812,  as  described  in  an  earlier  publication 
Ion  milling  was  then  used  to  obtain  thin  regions  at  various 
depth  locations  for  examination  in  the  electron  microscope. 

In-depth  profiling  of  oxygen  concentration  was  performed 

using  a  Cameca  IMS-3f  ion  microanalyzer  employing  Cs+  ion 

bombardment  and  negative  secondary  ion  mass  spectrometry  for 

control  and  back-surface-damaged  samples.  In  all  cases,  call- 
1  6 

bration  of  0  concentrations  were  obtained  using  standards 

prepared  by  ion  implanting  ^0  into  CZ  and  float  zone  Si. 

Samples  for  secondary  ion  microscopy^  analysis  in  vertical 

cross-sect  ion  were  prepared  by  mounting  thin  strips  cut  along 

a  <110>  direction  in  a  low -me  1 1 i ng -po i nt  Sn-Bi  alloy,  as  des- 
1  2 

c i  .bed  earlier. 

After  double  annealinq  of  back-surface-damaged  wafers 

^  6d0°  C ,  3  to  24  hrs  +  1050°C,  3  to  6  hrs.),  TEM  analysis  of 

hack-surface  reqions  showed  the  presence  of  a  stabilized 

defect  distribution  and  significant  SiOx  nucleation  within 

forested  dislocation  line  regions  in  primary  and  secondary 

zones  at  the  back  surface,  consistent  with  previously  reported 
7  8 

results  ’  .  Examination  of  vertical  cross  sections,  prepared 
after  double  annealing  and  oxidation,  showed  the  presence  of 
SiOx  precipitates  distributed  within  the  interior  of  the  Si, 
as  shown  in  Fig. 32.  Similarly,  in  samples  containing  no  back- 
surface  damage  and  subjected  to  identical  annealinq,  we  observed 
comparable  SiOx  internal  nucleation  and  defect  generation. 
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In  both  cases,  an  apparent  SiOx  denudation  region  could  be 
observed  at  the  front  surface.  However,  after  600°C,  24  hr.  + 
1050°C,  3-hr.  annealinq  of  samples  containing  no  back-surface 
damage,  we  observed  a  defect  denudation  width  of  45  Um,  where¬ 
as  in  comparably  annealed  back - su r f ace- dama qed  samples,  a  maxi¬ 
mum  denudation  width  of  ^  170  pm  was  detected. 

In  subsequent  experiments  in  which  the  600°C  annealing 
time  was  varied  from  3  to  24  hrs.  on  back -sur f ace-damaged  sam¬ 
ples,  we  observed  an  increasing  defect  denudation  width  as  a 
function  of  primary  anneal  duration.  Correlated  secondary  ion 
micrographs  obtained  in  vertical  cross  section  confirmed  the 
presence  of  SiOx  precipitates  nucleated  within  the  interior  of 
the  wafer.  The  data  showed  a  relative  absence  of  pronounced 
precipitation  at  the  surface,  with  the  width  of  the  denuded 
region  increasing  as  a  function  of  primary  annealing  time  at 
6D0°C  on  back-damaged  samples. 

To  obtain  further  information  on  the  distribution  of 
internal  SiOx  precipitation  and  associated  defect  sites,  sam¬ 
ples  were  cleaved  along  a  <110>  direction  following  double-phase 
annealinq  and  oxidation  for  4.5  hrs.  After  immersion  in  a  mo¬ 
dified  Secco  solution,  we  obtained  optical  micrographs  of  the 
etched  surfaces.  Single  anneals  at  600°C  were  found  to  produce 
precipitation  sites  distributed  throughout  the  wafer,  whereas 
separate  3-hr.  anneals  at  1050°C  resulted  in  only  a  small  den¬ 
sity  of  observable  precipitates,  in  agreement  with  earlier 
1  6 

reported  data. 

After  annealing  of  (two-sides  polished,  no  back-surface 
damage)  samples  at  600°C  (12  hrs.),  followed  by  a  1050°C  (3  hr.) 
anneal  (Fiq.  33a),  internal  defect-free  zones  of  1  45-  u m  width 
were  present  at  both  surfaces.  In  Fiqs.  33b)  and  33c),  the 
effective  width  of  the  denudation  zone  at  the  front  surface  is 
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increased  in  double-annealed,  back-damaqed  samples,  in  agree¬ 
ment  with  the  secondary  ion  microscopy  data.  It  is  important 
to  note  that  both  the  denudation  width  and  spatial  distribution 
/density  of  internal  precipitation  sites  is  influenced  by  the 
annealing  conditions,  suggesting  that  the  stabilized  back-sur¬ 
face-damage  reqion  is  controlling  both  oxygen  diffusion  and 
SiOx  nucleation  site  stability. 

To  ascertain  any  possible  correlation  between  oxygen  out- 
diffusion  and  defect  denudation  zones  at  the  front  surface,  we 
obtained  SIMS  profiles  of  the  oxygen  concentrations,  in  control 
(no  anneal)  and  annealed  samples.  In  fig.  34,  we  show  that  an¬ 
nealing  of  either  back-surface-damaged  or  doub 1 e -s i de -po 1 i shed 
(no  damage)  wafers  at  600 °C  for  24  hrs.  produces  no  significant 
outdiffusion  of  oxygen,  with  only  a  slight  depletion  occuring 
at  the  surface.  Annealing  at  1050°C  produces  a  well-defined 
oxygen  depletion  region  (^  17  pm)  for  both  damaged  and  undamaged 
wafers.  In  comparison,  we  observe  that  doubl y - anneal ed  (  600°C 
+  1050°C)  wafers  exhibit  an  outdiffusion  profile  that  is  essen¬ 
tially  identical  to  the  profile  obtained  after  a  single  anneal 
at  1050°C.  The  results  then  show  that  the  primary  anneal  at 
600°C  has  little  or  no  effect  on  the  outdiffusion  profile 
obtained  after  secondary  hiqh - t emp er a tur e  anneals.  for  refer¬ 
ence,  we  also  show  the  oxygen  profile  obtained  after  a  450°C, 
64-hour  anneal,  indicating  that  jto  significant  oxygen  depletion 
occurs  after  low  temperature  annealing  in  the  absence  of  defects. 
This  is  in  sharp  contrast  to  recent  results  which  indicate  that 

in  the  presence  of  defects,  enhanced  diffusion  of  oxyqen  occurs 

1  9 

even  at  temperatures  as  low  as  350°C. 

In  Figure  35,  shows  graphically  the  (front-surface)  oxygen 
and  defect  denudation  widths  as  a  function  of  600°C  primary 
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AVERAGE  WIDTH  OF  DENUDED  ZONE  (^m) 


DEFECT  AND  OXYGEN  DENUDATION 
WIDTHS  IN  DOUBLE  ANNEALED  Si 


600 °C  PRIMARY  ANNEAL  TIME  (hrs.) 


FIG.  35  DEFECT  AND  OXYGEN  DENUDATION  WIDTHS  IN  DOUBLE -ANNEALED  SAMPLES 
AS  A  FUNCTION  OF  PRIMARY  ANNEAL  (Tp  *  600°C)  DURATION  IN  WAFERS 
SUBJECTED  TO  600°C  +  1050°C  (3  HR.)  ANNEALING  TREATMENT.  RE¬ 
SULTS  ON  BOTH  DOUBLE-SIDE  POLISHED  AND  BACK-SURFACE-DAMAGED 
ANNEALED  WAFERS  ARE  SHOWN.  WAFER  THICKNESS,  JQ  =  500  yin. 
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anneal  time  on  double-annealed  (600°  +  1050°C,  3  hr)  back-sur- 
face-damaqed  samples.  Also  shown  are  the  cor  respond! nq  denuda¬ 
tion  widths  obtained  on  doub  1  e -s i de -po 1 i shed  wafers  subjected 
to  similar  anneals.  The  data  shows  no  significant  correlation 
between  the  width  of  defect  denudation  regions  and  oxygen  deple¬ 
tion  reqions  at  the  front  surface,  as  anticipated.  As  the  pri¬ 
mary  anneal  time  at  600°C  is  increased,  a  dramatic  increase  in 
the  width  of  the  defect  denudation  zone  is  observed,  approach¬ 
ing  relative  saturation  at  anneal  times  >2h  hrs.  Under  the 
experimental  conditions  utilized,  where  the  secondary  high- 
temperature  anneal  is  constant  (3  hrs.),  the  width  of  the  oxy- 
qen  depletion  region  is  invariant  to  changes  in  low-temperature 
primary  anneal  duration. 

From  the  data  obtained,  we  can  conclude  that  the  primary 
anneal  duration  influences  the  spatial  distribution  of  SiOx 
nucleation  within  the  interior  of  back-surface-damaged,  double- 
annealed  wafers.  Since  the  duration  of  the  600°C  primary  an¬ 
neal  will  influence  the  amount  of  oxygen  diffusing  to  back- 
surf  ace  -damage  reqions,  the  stabilization  of  primary  defects 
and  secondary  damaqe  zones  will  be  effected  in  subsequent  high- 
temperature  processing.  Also,  the  effective  qettenng  of  impu¬ 
rities  and  defects  depends  on  the  magnitude  of  the  effective 
stress  field  at  the  back  surface.  Thus,  increases  in  the  6D0°C 
anneal  time  result  in  the  creation  of  larger  stress  fields 
induced  as  a  result  of  the  increases  in  back - sur f ace-damage  den¬ 
sities  durinq  h i qh - t empe r a tu r e  secondary  annealing. 

The  present  experiments  suqqest  that  the  stabilized  back- 
surface  damage  will  be  effective  in  qettenng  of  internal  impu¬ 
rity  or  defect  sites  that  serve  as  cluster  zones  for  SiOx  nuc¬ 
leation.  However,  additional  research  is  required  to  identify 
both  the  nature  of  these  nucleation  sites  and  the  kinetics  of 

SiOx  nucleation  in  the  presence  of  stabilized  back-sur f ace- 

1  2 

damaqe  structure  and  enhanced  long-range  oxygen  diffusion. 


% 
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The  control  of  SiOx  nucleation  by  (stabilized)  back-sur- 
face-damage  will  depend  on  initial  quality  of  starting  material, 
anneal  conditions,  method  of  back-surface-damage  introduction 
and  a  number  of  other  processing-related  factors,  which  will 
vary  between  various  laboratories.  The  results  reported  do 
not  necessarily  propose  an  optimal  procedure  for  control  of 
denudation  zones  and  internal  SiOx  nucleation,  but  simply  point 
out  that  in  the  presence  of  a  stable  back-sur  f  ace-gettenng 
reqion,  created  by  two-step  annealing,  spatial  control  of  both 
nucleation  sites  and  precipitation  can  be  accomplished. 
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CONCLUSIONS 


The  data  obtained  in  this  program,  suggests  that  the  quality 
of  Si  wafers  currently  used  by  device  manufacturing  facilities  in 
the  U.S.  is  extremely  variable.  The  majority  of  the  wafers  exam¬ 
ined  in  this  program  were  obtained  directly  from  line  runs  where 
the  wafers  had  been  previously  accepted  and  qualified  for  facili¬ 
ty  usage.  Thus,  the  data  point-out  the  current  lack  of  standards 
or  uniformly  developed  industry  criteria  for  qualification  of  wa¬ 
fers  to  be  used  in  device  fabrication. 

Of  equal  importance  is  the  lack  of  consistent  quality  in 
material  from  various  suppliers.  Although  Si  wafers  provided 
separately  by  suppliers  were  found  to  be  acceptable,  the  statis¬ 
tical  sampling  of  wafers  currently  provided  for  mass  production 
facilities  shows  that  much  of  the  material  currently  used  by 
device  manufacturers  would  probably  be  unacceptable  for  VHSIC 
fabrication. 

Additional  experiments  on  the  use  of  gettering  has  shown 
that  the  quality  of  wafers  can  be  improved  if  stabilized  damage 
is  present.  Since  damaqe  introduced  by  ion  implantation,  mecha¬ 
nical  damaqe  or  P-diffusion  is  larqely  annihilated  after  single, 
short-term,  hiqh-temperature  anneals,  the  use  of  two-phase  anneal- 
s t abi 1 1 z a 1 1  on  procedures  is  essential. 

These  studies  also  identified  the  rapid  redistribution  of 
oxygen  in  the  presence  of  defects.  Since  the  microscopic,  not 
the  bulk,  redistribution  of  oxygen  in  Si  is  the  most  important 
factor  for  VHSIC  processing,  the  enhanced  diffusion  and  qetter- 
mq  of  background  oxygen  into  defect  regions  produced  clurinq 
processing  will  be  a  critical  factor  for  future  integrated  cir¬ 
cuit  technology. 
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